The effect of guanosine 5'- [y-thio] 
INTRODUCTION
The effects of a wide range of Ca2+-dependent hormones are brought about by the activation of phosphoinositide-specfic phospholipase C and the formation of the second messenger products InsP3 and 1,2-diacylglycerol (1,2-DG) [1, 2] . The resultant mobilization of intracellular Ca2+ and the activation of protein kinase C, respectively, lead to co-ordinated cellular responses. Numerous studies have demonstrated that the activation of phospholipase C is mediated by a GTP-binding protein (G-protein) in a manner similar to that associated with the activation of adenylate cyclase [2, 3] . The evidence for such a pathway in hepatocytes derives from studies of the effect of GTP and non-hydrolysable GTP analogues on phospholipase C activation in membranes and permeabilized cell preparations [4] [5] [6] . In these models, GTP analogues stimulate phospholipase C independently or can act synergistically with physiological agonists to activate the enzyme. A role for G-proteins has also been implicated in the activation of phospholipase A2 [7, 8] , phospholipase D [9] and ion channels [10] .
The levels ofthe polyphosphoinositides in hormone-responsive cells are tightly regulated by specific phosphokinases and phosphomonoesterases [1 1] . Several forms of phosphoinositide kinase have been identified which vary with respect to substrate specificity [12, 13] . Specific phosphoinositide kinases have also been found in association with the platelet-derived growth factor (PDGF) receptor [14] and several oncogene products [15, 16] . Coincident with the activation of phospholipase C is the stimulation of Ptdlns and Ptdlns(4)P kinases, an action whith replenishes polyphosphoinositide substrates [11] . For example, in rat hepatocytes, the levels ofthe polyphosphoinositides initially decrease upon stimulation with vasopressin, but then stabilize or may actually increase, despite continued activation of phospholipase C [17] . This phenomenon appears to be exaggerated in rat hepatocytes [18] and human platelets [19] following the activation of phospholipase C by the acute administration of ethanol. Similarly, the activities of the phosphoinositide kinases in human neutrophils have been shown to be increased on binding of receptors by the N-formylated peptide chemoattractant fMetLeuPhe [20] .
The mechanism by which polyphosphoinositide synthesis is stimulated is not known. The kinases could be activated by the phospholipase C-mediated depletion of PtdIns(4,5)P2 and PtdIns(4)P (i.e. removal of feedback inhibition). Alternatively, more direct regulatory mechanisms may exist, such as an inhibition of the phosphomonoesterases, or, as has been suggested in several cell types, regulation of the kinases by protein kinase C [21] , cyclic AMP-dependent protein kinase [22] or tyrosine kinases [2, 23] . In a recent study [24] , it was reported that the addition of the non-hydrolysable GTP [25] and rat brain [26] .
In fusion, the liver was placed in ice-cold homogenization buffer consisting of 250 mM-sucrose, 2 mM-EGTA, 5 mM-KOH/Hepes, pH 7.5, and 0.5 ,ug each of antipain, pepstatin, aprotinin and leupeptin/ml. Liver plasma membranes were then prepared by Percoll gradient centrifugation according to the method described by Prpic et al. [27] . The membranes were suspended at a protein concentration of 5-10 mg/ml in resuspension buffer consisting of 250 mM-sucrose and 50 mM-Tris/HCl (pH 7.8). The final specific activity of 5'-nucleotidase was increased by 18-24-fold over that in the initial homogenate.
Assay of Ptdlns and Ptdlns(4)P kinase activities Membrane portions (0.1 ml) were preincubated at 30°C for 2 min before mixing with an equal volume of pre-warmed phosphorylation buffer consisting of 4 mM-MgCl2, 50 mM-Tris/ HCI, pH 7.5, and 0. samples were then centrifuged for 2 min at 800 g, and the chloroform layers were removed. The remaining aqueous phases were washed with 2.5 vol. of chloroform, and the chloroform layers were combined. The chloroform samples were dried in a Rotovac evaporator, and the lipids were separated by t.l.c. on oxylate-treated silica-gel 60 plates (EM Reagents) with a solvent system of chloroform/acetone/methanol/acetic acid/water (40:15:13:12:8, by vol.) [28] . The location of the polyphosphoinositides was verified using authentic phospholipid standards. Following autoradiography, the 32P radioactivity of the individual phospholipids was quantified by liquid-scintillation counting.
Determination of 131Hlinositol phosphates
The aqueous phases of the chloroform/methanol/HCl extract were neutralized to pH 7.0 with 2 M-KOH/l0 mM-Mops, pH 7.0, and diluted in 10 ml of water. Inositol phosphates were quantified by anion-exchange chromatography on 0.75 ml Dowex I-X8 anion-exchange resin columns (formate form; 200-400 mesh). Free myo-inositol and glycerophosphoinositol were eluted with 15 ml of 25 mM-sodium formate/5 mM-sodium borate, and total inositol phosphates were eluted with 4 ml of 1 M-ammonium formate/0.1 M-formic acid. The 3H content of the total inositol phosphate fraction was determined by liquid-scintillation counting. Assay of 132PIATP hydrolysis Membranes were incubated in phosphorylation buffer as described above. At the indicated times, the reaction was stopped by the addition of 4 % HC104 and 10 mg of activated charcoal.
The samples were allowed to sit at room temperature for 10 min and were then centrifuged at 800 g for 2 min, and the radioactivity in the supernatants was determined by liquid scintillation counting. In some experiments the HC104 pellets were resuspended in chloroform/methanol/HCI (40:20: 1, by vol.), and the phospholipids were extracted as described above.
Statistics
Each experiment was performed using at least three plasma membrane preparations. Statistical significance was determined by Student's t test.
RESULTS
Incubation of rat liver plasma membranes with [32P]ATP resulted in the rapid incorporation of 32p into Ptdlns (4) The stimulation of 32p incorporation into the polyphosphoinositides by GTP[S] could be due to a direct activation of Ptdlns and PtdIns(4)P kinases. Alternatively, such effects might occur on activation of phospholipase C by GTP[S], thereby resulting in the removal of feedback inhibition by the product lipids. To test this hypothesis, the formation of inositol phosphates in [3H]inositol-prelabelled membranes was used as a measure of phospholipase C activity (Fig. 3) . (Fig. 5) . Under these conditions, the maximum decrease in the level of [32P]PtdIns(4)P was only 30%, and the amount of [32P]PtdIns(4,5)P2 was unchanged. GTP[S] had no effect on phosphomonoesterase activity assayed in this manner.
As shown in Fig. 1 , the levels of the polyphosphoinositides reached a plateau and even declined slowly after reaching peak levels at 15-30 s. This could be due to phosphomonoesterase activity coming into balance with kinase activity. However, phosphomonoesterase activity is very low under these conditions (Fig. 5 ). An alternative explanation could be that the removal of Inositol phosphate formation in response to GTP[S] was completely inhibited in the presence of 2 mM-EGTA (Fig. 3) . [30] that the activation of Gproteins by non-hydrolysable GTP analogues is maximal following a lag period. However, in the present membrane preparation, a 2 min preincubation with 10 
GTP[S] (results not shown

DISCUSSION
In the present study, we have investigated the hypothesis that the kinases responsible for the synthesis of the polyphosphoinositides from Ptdlns are regulated by G-protein. In agreement with a previous report [24] , the data demonstrate that GTP [S] can enhance the ATP-dependent synthesis of PtdIns(4,5)P2.
Moreover, in this study, GTP[S] also increased the synthesis of Ptdlns(4)P. However, the data do no support a role for a specific G-protein in this response. The concentrations of GTP [S] required to elicit these effects (25-500,tM) far exceed those required for other G-protein-dependent processes in rat liver plasma membranes [4, 5, 9] . In particular, phospholipase C activity in the present membrane preparation was maximal at 1 ,UM-GTP[S] (Fig. 3) . Moreover, the action of GTP [S] was not specific, as other guanine nucleotides also stimulated polyphosphoinositide synthesis. GDP [S] , an agent that generally blocks G-protein-mediated events [30] , was also effective in stimulating polyphosphoinositide formation and did not prevent such actions by GTP [S] .
Another explanation for the action of GTP[S] is its phospholipase C-mediated depletion of the polyphosphoinositides, thereby leading to removal of feedback inhibition of the kinases. The present data are inconsistent with this notion. The ability of GTP[S] to stimulate 32P incorporation into the polyphosphoinositides was unaffected in the absence of phospholipase C activity (Table 2) . Moreover, GTP[S] did not stimulate 32P incorporation into phospholipid at the relatively low concentrations which maximally activated phospholipase C (Figs. 1 and   3 ). The data presented here also demonstrate that the action of GTP[S] cannot be explained on the basis of an inhibition of phosphomonesterase either directly (Fig. 5) or by binding to Mg2+ (Fig. 4) .
As an alternative mechanism for the action of guanine nucleotides, we have analysed the relationship between ATP and polyphosphoinositide levels. ATP hydrolysis by the plasma membranes occurred rapidly and was maximal within 60 s. The loss of ATP corresponded closely with the cessation of polyphosphoinositide formation. However, only a small portion of the ATP hydrolysis can be accounted for on the basis of the phosphorylation of PtdIns and Ptdlns(4)P. Under the current experimental conditions (e.g. Fig. 1 ), approx. 20 ,umol of ATP was hydrolysed in 15 s. This contrasts with polyphosphoinositide formation of less than 50 pmol over the same time period (based on the specific radioactivity of[32P]ATP). Several lines ofevidence support the conclusion that the sparing of ATP hydrolysis by guanine nucleotides accounts for their stimulatory effect on polyphosphoinositide formation. First, the potency ofthe various guanine nucleotides was directly proportional to their ability to inhibit ATP hydrolysis (Fig. 8) . Secondly, the stimulatory effect of GTP [S] was abolished by increasing the initial concentration of ATP (Fig. 7) . Thirdly, a low concentration of GTP[S] (10 4uM), which was maximally effective in stimulating phospholipase C, neither inhibited ATP hydrolysis nor stimulated polyphosphoinositide synthesis. Both App[NH]p and ADP also inhibited ATP hydrolysis, yet did not stimulate polyphosphoinositide formation. A possible explanation for this discrepancy is that these adenine nucleotides may be competitive inhibitors of ATP for the kinase [31] . Indeed, it is probably the decrease in the ATP/ADP ratio, rather than the absolute fall in ATP levels, which limits polyphosphoinositide formation as ATP is hydrolysed. It is of note that Coco & Macara [32] have demonstrated that the stimulation of polyphosphoinositide formation in rat lymphocyte membranes by the catalytic subunit of protein kinase A may also be due to the sparing ofATP hydrolysis. Furthermore, in related studies, 10 /UM-GTP[S] did not increase the activity of PtdIns kinase in platelet plasma membrane preparations (R. Rubin, unpublished work).
The major ATPase in rat liver plasma membranes is a Ca2+-or Mg2+-stimulated ecto-ATPase (unrelated to the plasma membrane Ca2+ pump) [33, 34] . The function of this enzyme complex is not known, but it may regulate P2-purinergic receptor activation by degrading extracellular ATP and thereby terminating its agonist effects. The enzyme has been reported to possess broad specificity with respect to nucleotides, and GTP can effectively replace ATP as a substrate for both the Ca2+-and Mg2+-dependent activities [33] . Thus it is possible that the nonhydrolysable guanine nucleotide analogues used in the present study interfere with this enzyme activity, preserving ATP levels for inositol lipid phosphorylation.
The mechanism by which the phosphoinositide kinases are stimulated in response to hormones in intact cells remains in question. The stimulation of polyphosphoinositide formation by high concentrations of GTP [S] in rat liver plasma membranes has been reported previously by Urumow & Wieland [24] . In their study, cholera toxin reversed the action of GTP[S], an effect which was interpreted as evidence for a role for a G-protein.
However, cholera toxin also markedly inhibited the basal phosphorylation of Ptdlns and PtdIns(4)P. Similar inhibitory effects of cholera toxin on polyphosphoinositide formation were noted earlier by Biffen & Martin [35] , and were shown to be unrelated to changes in ATP hydrolysis.
In a recent report [26] , the synthesis of PtdIns (4, 5) Recent studies in a variety of cell types have demonstrated that a specific Ptdlns kinase may be associated with receptors for PDGF and oncogene products [14] [15] [16] . Moreover, there is evidence that this kinase may be a substrate for tyrosine phosphorylation, an event which could directly increase the activity of the enzyme [2, 22] . It is of particular interest that the kinase involved in these pathways, kinase I, specifically phosphorylates Ptdlns to the novel polyphosphoinositide, Ptdlns(3)P [12, 13] . The regulation of phosphoinositide kinases by phosphorylation has also been suggested to be mediated in some systems by protein kinase C [21] and protein kinase A [22] . It remains to be determined whether the direct phosphorylation of the kinases responsible for the formation of Ptdlns(4)P and PtdIns(4,5)P2 (kinase II) can also lead to increases in activity.
In summary, we have demonstrated that high concentrations of guanine nucleotides can interfere with the non-specific hydrolysis of ATP by liver plasma membranes, leading to increased availability of ATP for inositol lipid phosphorylation. These studies should raise concerns about the use of these agents in ATP-dependent processes in membranes and permeable cell preparations. Similar problems with guanine nucleotides could also occur in intact cells. For example, Krishnamurthi et al. [36] have demonstrated that GDP[S] and other non-hydrolysable analogues inhibit platelet activation in response to a variety of physiological agonists, an effect which can be separated from its inhibitory effect on phospholipase C.
